Protein ubiquitination plays a key role in the regulation of a variety of DNA repair mechanisms. Protein ubiquitination is controlled by the coordinate activity of ubiquitin ligases and deubiquitinating enzymes (DUBs). The deubiquitinating enzyme USP1 regulates DNA repair and the Fanconi anemia pathway through its association with its WD40 binding partner, UAF1, and through its deubiquitination of two critical DNA repair proteins, FANCD2-Ub and PCNA-Ub. To investigate the function of USP1 and UAF1, we generated USP1 ؊/؊ , UAF1 ؊/؊/؊ , and USP1 ؊/؊ UAF1 ؊/؊/؊ chicken DT40 cell clones. These three clones showed similar sensitivities to chemical cross-linking agents, to a topoisomerase poison, camptothecin, and to an inhibitor of poly(ADP-ribose) polymerase (PARP), indicating that the USP1/UAF1 complex is a regulator of the cellular response to DNA damage. The hypersensitivity to both camptothecin and a PARP inhibitor suggests that the USP1/UAF1 complex promotes homologous recombination (HR)-mediated double-strand break (DSB) repair. To gain insight into the mechanism of the USP1/UAF1 complex in HR, we inactivated the nonhomologous end-joining (NHEJ) pathway in UAF1-deficient cells. Disruption of NHEJ in UAF1-deficient cells restored cellular resistance to camptothecin and the PARP inhibitor. Our results indicate that the USP1/UAF1 complex promotes HR, at least in part by suppressing NHEJ.
The integrity of the mammalian genome is essential for the suppression of oncogenesis, and it is maintained by several intricate DNA repair mechanisms. Mammalian cells have at least six major DNA repair pathways, including mismatch repair (MMR), base excision repair (BER), nucleotide excision repair (NER), homologous recombination (HR) repair, nonhomologous end joining (NHEJ), and translesion DNA synthesis (TLS) (24, 31) . In general, these pathways cope with different types of DNA damage, and they exhibit differential cell cycle and tissue specificities. The mechanisms by which a cell (i) chooses among these pathways and (ii) coordinates the activities of its DNA repair pathways are largely unknown. Recent studies indicate that ubiquitin and SUMO modifications are essential to DNA repair regulation (3, 16) .
The deubiquitinating enzyme (DUB) USP1 is required for the deubiquitination of FANCD2-Ub (34) and PCNA-Ub (19) and is therefore a regulator of interstrand cross-link (ICL) repair and TLS, respectively. Knockdown of USP1 results in elevated levels of FANCD2-Ub and PCNA-Ub and in increased cellular sensitivity to interstrand cross-linking agents, such as mitomycin C (MMC). Knockout of USP1 in chicken DT40 cells (36) or in a mouse model (25) results in an increase in cross-linker sensitivity and in chromosome radial formation, the hallmark of the Fanconi anemia (FA) phenotype.
USP1 binds constitutively to an 80-kDa binding partner, referred to as UAF1 (USP1-associated factor 1). UAF1 has an N-terminal WD40 domain, with eight WD propeller sequences, and a C-terminal coiled-coil domain of unknown function. Interestingly, the WD40 domain of UAF1 binds and stimulates the ubiquitin protease activity of USP1 (10) . UAF1 has also been shown to bind the DUB enzymes USP12 and USP46 (9, 40) , although the substrates of the USP12/UAF1 and USP46/UAF1 complexes were previously unknown. Recent studies indicated that H2A-Ub and H2B-Ub may be substrates of these DUB complexes (23) . The molecular mechanism of the USP1/UAF1 complex in DNA repair remains unknown.
In the current study, we disrupted UAF1 in the chicken B cell line DT40 (6) . UAF1-deficient DT40 cells exhibited increased sensitivity to camptothecin, poly(ADP-ribose) polymerase (PARP) inhibitor, and MMC. This phenotype was epistatic with USP1 disruption. UAF1-deficient cells were defective in gene conversion and in homologous recombination. These defects were rescued by additional disruption of the Ku70 gene, a key regulator of NHEJ, in UAF1-deficient cells. We conclude that the USP1/UAF1 complex is a critical regulator of ICL repair and homologous recombination. Moreover, the USP1/UAF1 complex, together with the FA pathway, has a novel role in suppressing NHEJ.
MATERIALS AND METHODS
Cell culture. DT40 cells were cultured in RPMI 1640 medium supplemented with 10 Ϫ5 M beta-mercaptoethanol, 10% fetal bovine serum (FBS), and 1% chicken serum at 39.5°C.
Generation of USP1
, and USP1 ؊/؊ UAF1 ؊/؊/؊ double-knockout DT40 cells. Two USP1 disruption constructs, USP1-bsr and USP1-puro, were generated from genomic PCR products combined with Bsr r and Puro r selection marker cassettes flanked by loxP sites. Genomic DNA sequences were amplified using the primers 5Ј-AAATGGGCAATTTCACAGTTTGCATCGG-3Ј and 5Ј-TGCTAATTGTAATGCCACTGTGCATCAC-3Ј (for the left arm of the targeting construct and the probe for Southern blotting) and 5Ј-TCGTCATCTAC  ATCAACTCCTTACCTAC-3Ј and 5Ј-AACTACGGCTCTGTTTCAAAGACT  TCAC-3Ј (for the right arm of the targeting construct) . Each amplified 3.2-kb PCR product, including the left arm, and 5.0-kb PCR product, including the right arm, was cloned into the pCR2.1-TOPO vector (Invitrogen, CA). The vector with the 3.2-kb PCR product was digested with HindIII to remove the 1.3 kb of template sequence for amplifying the Southern blotting probe. The remaining product, including 1.9 kb of the left arm, was self-ligated at the HindIII sites and then digested with NotI and XhoI. The vector cloned with the 5.0-kb PCR product was digested with NotI and XhoI, and 3.9 kb of right arm was extracted. Then, the 3.9-kb right arm was cloned into NotI and XhoI sites of the vector carrying the 1.9-kb left arm. The Bsr r and Puro r selection marker genes flanked by loxP sequences were blunted and inserted into the blunted NotI site of the vector carrying the left and right arms to generate the USP1-bsr and USP1-puro disruption constructs. The 0.5-kb fragment generated by PCR from 1.3 kb of template sequence using the primers 5Ј-AAATGGGCAATTTCACAGTTTGC ATCGG-3Ј and 5Ј-CAGAGGAAGTTCTCCTGTCTACTTTGTC-3Ј was used as a probe for Southern blot analysis. To generate USP1 Ϫ/Ϫ cells, linearized USP1 disruption constructs were transfected sequentially by electroporation (Bio-Rad). The genomic DNA of the transfectants was digested with BamHI, and the targeted clones were confirmed by Southern blot analysis.
Three UAF1 disruption constructs, UAF1-puro, UAF1-his, and UAF1-hyg, were also generated from genomic PCR products combined with Puro r , His r , and Hyg r selection cassettes flanked by loxP sites using the MultiSite Gateway technology (Invitrogen, Carlsbad, CA). All procedures were performed according to the manufacturer's instructions. Genomic DNA sequences were amplified using the primers 5Ј-GGGGACAACTTTGTATAGAAAAGTTGACCTCCTATTAG CTCCAC-3Ј and 5Ј-GGGGACTGCTTTTTTGTACAAACTTGGCAAAATCC TTTATGCGC-3Ј (for the left arm of the targeting construct) and 5Ј-GGGGA CAGCTTTCTTGTACAAAGTGGAGCCACATATCGAGTCCA-3Ј and 5Ј-G GGGACAACTTTGTATAATAAAGTTGCCAGCATCTTTTGCTGAA-3Ј (for the right arm of the targeting construct). To generate the left and the right arm entry clones, each 1.4 kb of the left arm and 3.5 kb of the right arm was subcloned into the donor vector pDONRP4-P1R and pDONRP2R-P3, respectively, by BP recombination. To generate the targeting vector by LR recombination, we used the left and the right arm entry clones, pDEST DTA-MLS, and Puro/His/Hyg entry clone (20) . The 0.4-kb fragment generated by PCR of genomic DNA using the primers 5Ј-ACCGAAATGGGGTAAATGCACTTCA GC-3Ј and 5Ј-GAGTTCACCAAAAGGTCATTCG-3Ј was used as a probe for Southern blot analysis. To generate UAF1 Ϫ/Ϫ/Ϫ cells, linearized UAF1 disruption constructs were transfected sequentially by electroporation (Bio-Rad). The genomic DNA of the transfectants was digested with NotI and EcoRI, and the targeted clones were confirmed by Southern blot analysis. To establish cell lines that stably expressed the human UAF1 transgene (UAF1 Ϫ/Ϫ/Ϫ ; hUAF1 cells), the pcDNA3.1-hUAF1 (10) expression vector was used.
To generate USP1 Ϫ/Ϫ UAF1 Ϫ/Ϫ/Ϫ cells, selection cassettes were excised from the UAF1 Ϫ/Ϫ/Ϫ lines by the transient transfection of Cre recombinase expression vector and addition of 50 nM 5-hydroxytamoxifen to the medium for Cre recombinase induction. Depletion of the selection cassettes in UAF1 Ϫ/Ϫ/Ϫ cells was confirmed by the restored sensitivity to all selection drugs. Subsequently, targeting constructs of USP1 were transfected, and disruption of USP1 was confirmed by Southern analysis and reverse transcription-PCR (RT-PCR).
Generation of UAF1 ؊/؊/؊ Ku70 ؊/؊ double-knockout DT40 cells. To generate the UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ cells, targeting constructs of Ku70 (Ku70-his and Ku70-hyg) described previously (42) were transfected sequentially in UAF1 Ϫ/Ϫ/Ϫ cells from which selection cassettes were depleted. The disruption of Ku70 was confirmed by Southern analysis.
Antibodies and immunoblotting. The following antibodies were used: anti-UAF1 (rabbit polyclonal) (10); anti-chicken FANCD2 (rabbit polyclonal) (21); anti-USP1 (A301-699A; Bethyl Laboratories, Montgomery, TX); anti-PCNA (mouse monoclonal, sc-56; Santa Cruz Biotechnology); anti-lamin B1 (rabbit polyclonal, ab16048; Abcam), and antiactin (mouse monoclonal; Sigma, St. Louis, MO).
Measurement of cellular sensitivity to DNA-damaging agents. A methylcellulose colony formation assay was performed as described previously (42) . Briefly, to assess ionizing radiation (IR) sensitivity, serial diluted cells were plated in medium containing 1.5% (wt/vol) methylcellulose, incubated for 1 h at 39.5°C, and irradiated with a 137 Cs source. To measure the sensitivity of cells to camptothecin, cells were continuously exposed to various concentrations of camptothecin mixed in medium containing methylcellulose to allow the cells to pass through multiple rounds of DNA replication. For exposure of cell to UV, 3 ϫ 10 5 cells were suspended in 0.5 ml of phosphate-buffered saline (PBS) containing 1% FBS in the six-well plates and irradiated with UV-C (wavelength, 254 nm). For exposure of cells to MMC, 3 ϫ 10 5 cells were treated at 39.5°C in 1 ml of complete medium containing MMC for 1 h. As for treatment with the PARP inhibitor (Olaparib; AZD2281; Selleck Chemicals, TX), 3,000 cells were seeded into 24-well plates in 1 ml culture medium per well, exposed to various concentrations of PARP inhibitor, and then incubated at 39.5°C for 72 h. To assess the number of live cells, we measured the amount of ATP by using a CellTiter-Glo luminescence cell viability assay kit (Promega Corporation, Madison, WI).
I-SceI-induced gene conversion of SCneo. Modified SCneo (15) was inserted into the previously described Ovalbumin gene construct and then targeted into the Ovalbumin locus in wild type, UAF1
, and UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ cells. In the transient-transfection assays, 5 ϫ 10 6 cells were suspended in 500 l of PBS mixed with each of several circular plasmid DNAs (30 g; empty vector [pcDNA3.1], wild type human UAF1, WD40 repeat 2 deleted human UAF1 [10] , and I-SceI expression vector [pCBASce]), and electroporated using the Bio-Rad electroporation system (250 V, 960 F). Cells were incubated for 24 h, serially diluted, and plated onto methylcellulose containing 2 mg/ml neomycin; a control set was plated into methylcellulose without neomycin. After 7 to 10 days, colonies appeared and were counted. We evaluated the gene conversion rate as the percent ratio of colonies growing in neomycin versus colonies growing in the control dish without neomycin.
Flow cytometric analysis of cell cycle progression. Cells were harvested, fixed with 70% ethanol, and resuspended in PBS containing propidium iodide (PI) at 5 g/ml for subsequent analysis with a FACScalibur apparatus. The data were processed using Cell Quest (Becton Dickinson).
Immunofluorescence. Cells were incubated with camptothecin at 100 nM for 1 h and then washed with PBS 3 times and cultured in normal RPMI medium. Cells were harvested at 0, 1, and 6 h after exposure to the drug and spun down by using a cytospin centrifuge (Thermo Scientific). The slides were fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized with 0.1% NP-40 in PBS buffer for 20 min, and blocked with 3% bovine serum albumin in PBS with 0.05% Tween 20 (PBST) at room temperature. Fixed slides were costained with antipH2AX (1:1,000; Millipore) and anti-Rad51 (1:100; Santa Cruz Biotechnology). Next, slides were washed with PBST and incubated with secondary antibodies (1:2,000; Invitrogen) for 1 h. Slides were stained and mounted with 4Ј,6-diamidino-2-phenylindole-containing mounting medium (Vector Laboratories).
RESULTS

Generation of USP1
To elucidate the function of USP1 and UAF1 in DNA repair and to examine the epistatic relationship between USP1 and UAF1, we generated USP1 Ϫ/Ϫ , UAF1 Ϫ/Ϫ/Ϫ , and USP1 Ϫ/Ϫ UAF1 Ϫ/Ϫ/Ϫ chicken DT40 cells. In accordance with a previous report (36), we designed a targeting construct to delete the last exon of USP1, encoding a histidine motif that is essential for catalytic activity (34) (see Fig. S2A in the supplemental material). We confirmed the serial disruption of the USP1 gene by Southern analysis and Western blotting (see Fig. S2B and D) . The amino acid sequence identity between human UAF1 and chicken UAF1 is 98% (see Fig. S1 ). UAF1 is composed of eight WD40 motifs that are essential for binding USP1. Deletion of the WD40 repeat 2 of UAF1 disrupts its propeller-like structure and disrupts USP1 binding (10) . Therefore, we designed targeting constructs with WD40 repeats 2 through 5 deleted (Fig. 1A) . The chicken UAF1 gene lies on chromosome 2 and is trisomic in DT40 cells (39) . Thus, three disruption constructs (UAF1-puro, UAF1-his, and UAF1-hyg), with selection cassettes flanked by loxP sites, were sequentially transfected into DT40 cells, in order to generate a UAF1 Ϫ/Ϫ/Ϫ clone. Southern analysis demonstrated the sequential disruption of the UAF1 gene (Fig. 1B) . We confirmed the disruption of UAF1 in UAF1 Ϫ/Ϫ/Ϫ cells by Western blotting (Fig. 1D, upper gel) .
To generate double-knockout cells of USP1 and UAF1, se- Fig. S2B in the supplemental material), RT-PCR (data not shown), and Western blotting (see Fig. S2C and D) . The proliferative properties of mutant cells were indistinguishable from those of wild-type cells, as monitored by growth curves (Fig. 1C) and by cell cycle analysis (data not shown).
Epistatic relationship of USP1 and UAF1 in deubiquitination of FANCD2 and PCNA. Previous studies demonstrated that the disruption of USP1 or UAF1 results in an increase in the endogenous monoubiquitination levels of both PCNA and FANCD2. To confirm the functional disruption of USP1 and UAF1, we performed Western blot assays using anti-chicken FANCD2 antibody (21) and anti-PCNA antibody. The monoubiquitination levels of both FANCD2 and PCNA were elevated in USP1 Ϫ/Ϫ and UAF1 Ϫ/Ϫ/Ϫ cells, even in the absence of exogenous DNA damage (Fig. 1D, lanes 2 and 3) . The monoubiquitination level of FANCD2 and PCNA did not exhibit any further increase in the USP1 Ϫ/Ϫ UAF1 Ϫ/Ϫ/Ϫ cells, suggesting that USP1 and UAF1 are epistatic for the deubiquitination of FANCD2 and PCNA (Fig. 1D, lane 4) .
In an attempt to complement the UAF1 Ϫ/Ϫ/Ϫ cells, we over- (Fig. 1D, lane 5) . Epistatic relationship of USP1 and UAF1 in cellular sensitivity to DNA-damaging agents. To assess the functions of USP1 and UAF1 and their epistatic relationship in DNA repair, we examined the cellular sensitivity to various DNAdamaging agents. Consistent with previous reports (25, 36) , USP1 ablation resulted in hypersensitivity to the cross-linking agent MMC and marginally increased sensitivity to UV ( Fig.  2D and E) . There was no increase in the sensitivity to IR (Fig.  2A) . Interestingly, USP1
Ϫ/Ϫ cells were hypersensitive to camptothecin and PARP inhibitor, compared to wild-type cells (Fig.  2B and C) . UAF1 Ϫ/Ϫ/Ϫ cells showed similar sensitivity to USP1 Ϫ/Ϫ cells with respect to all DNA-damaging agents tested. Exogenous expression of human UAF1 rescued the hypersensitivity of UAF1 Ϫ/Ϫ/Ϫ to MMC, and UV completely and partially restored the sensitivity to camptothecin and PARP inhibitor. USP1 disruption in UAF1 Ϫ/Ϫ/Ϫ cells had no additive impact on the sensitivity to DNA-damaging agents, confirming that USP1 and UAF1 are epistatic in a common DNA repair pathway. 
UAF1 promotes homology-directed I-SceI-induced DSB repair.
It is known that camptothecin blocks topoisomerase I in a state where it is covalently linked to nicked DNA. The resulting protein/DNA cross-links obstruct DNA replication and transcription, and these lesions are repaired by single-strand break (SSB) repair. If a replication fork moves through a nick, it creates a double-strand break (DSB) that must be repaired by HR. Hence, HR-deficient cells are well known to be hypersensitive to camptothecin (1).
Furthermore, HR-deficient cells, such as BRCA1, BRCA2/ FANCD1, or FA pathway-deficient cells, are hypersensitive to PARP inhibitor (29, 30) , since PARP inhibition leads to failure of SSB repair, resulting in the formation of DSBs during replication. Therefore, the hypersensitivity to camptothecin and PARP inhibitor suggests an impairment in HR in USP1 Ϫ/Ϫ cells and UAF1 Ϫ/Ϫ/Ϫ cells. To investigate the involvement of UAF1 in HR-mediated repair directly, we measured gene conversion induced by the rare-cutting endonuclease I-SceI, using the SCneo substrate (17) . Specifically, we integrated the SCneo substrate into the Ovalbumin locus (15) and measured the efficiency of I-SceI-induced gene conversion in various DT40 mutants. While 2.5% of the wild-type cells successfully underwent gene conversion and reconstituted neomycin resistance, the same reaction occurred in only 0.80%, 1.28%, and 0.57% of the UAF1 Ϫ/Ϫ/Ϫ , USP1 Ϫ/Ϫ , and USP1 Ϫ/Ϫ UAF1 Ϫ/Ϫ/Ϫ cells, respectively. These results again showed the epistatic effect of the USP1 and UAF1 genes (Fig. 3A) . The more severe defect for HR in the UAF1-deficient cells, compared to the USP1 Ϫ/Ϫ cells, suggests that UAF1 may bind and stimulate other USPs that contribute to HR repair in the absence of USP1. Previous studies indicated that UAF1 binds and stimulates multiple DUBs, including USP1, USP12, and USP46 (9, 40). Our results suggest that in the USP1 Ϫ/Ϫ cells, USP12/UAF1 and/or USP46/UAF1 complexes may also contribute to HR activity.
Expression of wild-type human UAF1 in UAF1 Ϫ/Ϫ/Ϫ cells rescued the rate of gene conversion to wild-type levels, although a mutant form of human UAF1-⌬WD2 which lacks the WD40 repeat 2 and which was previously described (10) failed to rescue the gene conversion in the UAF1 Ϫ/Ϫ/Ϫ cells. On the other hand, expression of wild-type human UAF1 in wild-type and USP1
Ϫ/Ϫ cells did not affect their gene conversion rates (Fig. 3B) . These results together indicate that both UAF1 and USP1 are required for normal HR repair. VOL. 31, 2011 USP1/UAF1 COMPLEX PROMOTES HOMOLOGOUS RECOMBINATION 2465 monoubiquitination level of FANCD2 was increased after 2 h and remained elevated 6 h after camptothecin exposure (Fig.  4A, left panel) . The level was decreased 12 h after camptothecin treatment, consistent with the recovery of the cell cycle at this time (Fig. 4B, upper graphs) . In contrast, the monoubiquitination of FANCD2 persisted in the UAF1 Ϫ/Ϫ/Ϫ cells at all time points (Fig. 4A, right panel) , and G 2 /M accumulation in the 4N population remained elevated as well (Fig. 4B, lower  graphs) . No degradation of lamin B1 protein was observed in the same time frame (Fig. 4C) , suggesting that the UAF1 Ϫ/Ϫ/Ϫ cells die from impaired repair of camptothecin-induced lesions and not from camptothecin-induced apoptosis. These results raise the possibility that ubiquitination and deubiquitination of FANCD2 by the USP1/UAF1 complex is involved in the repair of camptothecin-induced lesions.
We also generated heterozygous mutant knockout clones of DT40, for either the UAF1 or USP1 locus (see Fig. S3 in the supplemental material). A gene dosage effect was not observed for the deubiquitination of FANCD2-Ub or PCNA-Ub in the absence of DNA damage (see Fig. S3A ). However, a slight decrease in the rate of deubiquitination following camptothecin exposure was observed for the UAF1 ϩ/Ϫ/Ϫ genotype compared to the UAF1 ϩ/ϩ/ϩ clone (see Fig. S3B ). UAF1 promotes HR by suppressing NHEJ. In eukaryotic cells, DSBs are predominantly repaired either through HR (error-free repair) or NHEJ (error-prone repair). HR-deficient cells, but not NHEJ-deficient cells, such as Ku70 or DNA ligase IV-deficient cells, are hypersensitive to camptothecin (11) . Moreover, Ku70 Ϫ/Ϫ DT40 cells tend to be more resistant to camptothecin than wild-type cells, suggesting that NHEJ may normally suppress HR (1) . Therefore, the NHEJ pathway appears to have two effects, one to promote survival by end joining of DSBs and the other to reduce survival by inaccurate end joining or toxic effects after DSBs. To better appreciate the importance of UAF1 in HR, we disrupted Ku70 in UAF1 dealing with DSBs in Ku70 Ϫ/Ϫ cells, the difference would determine the involvement of UAF1 in HR-mediated DSB repair.
There were no significant differences in the cell cycle distributions among wild-type, UAF1
, and UAF1
Ϫ/Ϫ/Ϫ
Ku70
Ϫ/Ϫ cells (data not shown). Interestingly, the resistance to camptothecin was restored in UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ cells compared to single UAF1 Ϫ/Ϫ/Ϫ cells (Fig. 5A) , suggesting that the toxic effects of NHEJ were dominant in UAF1 Ϫ/Ϫ/Ϫ cells. UAF1 appears to counteract Ku70 or NHEJ function in the repair of camptothecin-induced lesions, preventing cells from entering the NHEJ repair pathway. By the same token, the sensitivity to PARP inhibitor was also restored in (Fig. 5B) . We next examined the activity of the FA pathway in the various DT40 clones (Fig. 5C ). As expected, the disruption of UAF1 resulted in an upregulation of FANCD2 monoubiquitination, and FANCD2-Ub levels were unaffected by Ku70 disruption (lanes 3 and 4) . USP1 levels were slightly lower in the UAF1-deficient clones (lanes 2 and 4), consistent with previous reports indicating that UAF1 stabilizes USP1 (10) .
The rescue of camptothecin resistance in the UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ double-knockout cells suggested that these cells have restored HR repair. To further test this hypothesis, we measured the kinetics of Rad51 foci assembly in the various subclones (Fig. 5D) . Camptothecin stimulated Rad51 foci in wildtype cells at 1 h, with a rapid decline in Rad51 foci by 6 h post-camptothecin exposure. UAF1 Ϫ/Ϫ/Ϫ cells displayed a defect in HR repair, demonstrated by the persistence of Rad51 foci in 60% of the cells, even 6 h after camptothecin ( Fig. 5D ; see also Fig. S4 in the supplemental material) . Interestingly, in the UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ cells, Rad51 foci resolved more quickly, consistent with the measured improvement in HR repair. Taken together, these results suggest that UAF1 functions, at least in part, to promote the rapid assembly and disassembly of Rad51 foci and that Ku70 reduces the rate of Rad51 foci. Knockout of Ku70 restores the rapid disassembly of the Rad51 foci.
The I-SceI-induced gene conversion assay demonstrated that the transient overexpression of human UAF1 in UAF1 Ϫ/Ϫ/Ϫ
Ϫ/Ϫ cells slightly increased the HR efficiency compared to the parental UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ cells (Fig. 6 ). Taken together, our results demonstrate that UAF1 promotes DSBinduced HR.
DISCUSSION
Increasing evidence indicates that protein ubiquitination is an important regulatory mechanism for DNA repair pathways (18) . Protein ubiquitination is regulated by the coordinate activity of E3 ubiquitin ligases and DUBs. While there are more VOL. 31, 2011 USP1/UAF1 COMPLEX PROMOTES HOMOLOGOUS RECOMBINATIONthan 500 E3 ligases encoded by the human genome, only 100 DUB enzymes are known (35) . The mechanisms by which protein ubiquitination regulates DNA repair are largely unknown. On the one hand, protein monoubiquitination results in the recruitment of key effector proteins with monoubiquitin binding domains, such as UBZ or UBM domains (4). For instance, PCNA monoubiquitination recruits UBZ-containing TLS polymerases to DNA at the site of DNA lesion bypass (4). Also, FANCD2 monoubiquitination recruits the UBZ-containing FAN1 nuclease to sites of DNA cross-link repair (26) (27) (28) 38) . On the other hand, protein polyubiquitination has recently been shown to promote DNA repair protein recruitment to sites of damaged chromatin (12, 41) .
The mechanisms by which DUB enzymes regulate DNA repair are also largely unknown. Multiple DUBs have been implicated in DNA repair or cell cycle checkpoint regulation, including USP1 (34), USP3 (33), USP11 (43) , and USP28 (44) . USP1 regulates DNA repair by controlling the monoubiquitination state of its two substrates, FANCD2-Ub (34) and PCNA-Ub (19) , and USP1 is bound and activated by the UAF1 protein (10) . Studies to date indicate that efficient DNA repair requires both the monoubiquitination of these substrates, by the FA core complex or the RAD18 enzyme, respectively, and their coordinated deubiquitination. Disruption of either ubiquitination or deubiquitination results in an abnormality in DNA repair.
In the current study, we examined the role of the DUB complex, USP1/UAF1, in DNA repair. Disruption of USP1 and/or UAF1 in DT40 cells resulted in elevated FANCD2-Ub and PCNA-Ub levels. Interestingly, USP1 and UAF1 were epistatic in an HR pathway, and knockout of each gene, alone or in combination, resulted in a comparable level of substrate monoubiquitination and camptothecin sensitivity. Moreover, we provided evidence that the USP1/UAF1 complex regulates DNA repair by promoting HR repair. Disruption of USP1 and/or UAF1 results in reduced HR, as judged by the reduced values in the SCneo assay.
However, how UAF1 expression promotes HR activity is not known. One possibility is that the USP1/UAF1 complex can release the monoubiquitinated FANCD2/FANCI complex from chromatin, deubiquitinate FANCD2 and FANCI, and recycle these proteins for additional DNA repair events. Disruption of UAF1 or USP1 may result in depleted pools of free FANCD2 and FANCI or in the accumulation of monoubiquitinated FANCD2/FANCI complex, which may interfere with normal replication fork progression or DNA repair.
Other recent studies suggest a role of protein ubiquitination in the regulation of HR repair. For instance, the ubiquitin conjugating enzyme, UBC13, initiates HR activity (45) . Also, proteasome inhibition can disrupt HR function (22, 32) . The relative role of ubiquitin E3 ligases and DUBs in regulating HR is an important emerging field in DNA repair research.
Other recent studies suggested the presence of regulatory mechanisms in the cell which suppress NHEJ and thereby promote HR repair. For instance, the FA pathway suppresses NHEJ and promotes HR. Disruption of the NHEJ protein Ku70 rescues HR in FANCC-deficient cells (37) , and disruption of the NHEJ protein DNA-PK promotes HR in FANCD2-deficient cells (2) . Still other studies have indicated that the DNA repair regulatory protein, BRCA1, can also suppress NHEJ (5, 7, 8 ). BRCA1 appears to displace the NHEJ pathway-related protein 53BP1 from the site of doublestrand breaks. Loss of BRCA1 leads to increased 53BP1-mediated NHEJ activity and to increased toxicity due to chromosome breakage and translocations. A secondary loss in 53BP1 results in a rescue of these cells, a decrease in NHEJ, and a compensatory increase in HR. It will be important to determine the mechanism by which the USP1/UAF1 complex suppresses NHEJ and promotes HR and whether this is the same mechanism as with the FA pathway. The mechanism of NHEJ suppression is largely unknown. According to one model, USP1/UAF1 may suppress NHEJ and promote HR by enhancing the processing of DSBs into forms with free (exposed) 3Ј ends which are more suitable for strand invasion of the homologous template.
We propose a model in which the FA pathway can function to suppress Ku70-driven NHEJ and to promote HR repair. For cells in which USP1 or UAF1 is lost, there is no longer suppression of NHEJ-driven DSB repair. In this case, elevated Ku70-driven NHEJ leads to toxicity and camptothecin-driven cell death. However, if there is an additional loss of Ku70, as in UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ double knockout DT40 cells, there is a loss of toxic NHEJ and a rescue of HR repair. Hence, the double-knockout cells have improved survival in the presence of camptothecin and PARP inhibitor. Consistent with this model, the UAF1 Ϫ/Ϫ/Ϫ Ku70 Ϫ/Ϫ double-knockout cells exhibit persistently elevated FANCD2-Ub levels (Fig. 5B) but have restored camptothecin-induced Rad51 foci assembly and disassembly (Fig. 5C ). It will be interesting to determine whether these double-knockout cells retain some defect resulting from their elevated FANCD2-Ub or PCNA-Ub levels.
In summary, our results demonstrate that the USP1/UAF1 complex plays a critical role as a positive regulator for HR repair. Accordingly, disruption of USP1/UAF1 may provide a potent method for blocking HR repair and sensitizing cells to DNA interstrand cross-linking agents, or to the new class of PARP inhibitors which have entered clinical trials (13, 14) .
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FIG. 6. UAF1 promotes HR-mediated DSB repair. Cells with the indicated genotypes, carrying an integrated SCneo substrate, were treated as described for Fig. 3 . ϩVector and ϩhUAF1 indicate transient expression of I-SceI together with pcDNA3.1 empty vector and wild-type human UAF1, respectively. The error bars represent standard deviations (n ϭ 3).
2468
MURAI ET AL. MOL. CELL. BIOL.
